Wrought AZ (Mg-Al-Zn) series alloys have attracted lots of researches, due to low cost, high strength and good formability. Few researches focus on creep characteristics of wrought AZ series alloys, which might be of significance to extensive use of low-cost wrought Mg-Al based alloy at elevated temperature. The microstructures, tensile properties and creep characteristics of as-extruded Mg-9Al-Zn-0.5RE-0.5Ca-0.5Si (wt.%, named AZXSE91000) alloy were investigated by optical microscopy (OM), scanning electron microscopy (SEM), X-ray diffractometer (XRD), TEM (transmission electron microscopy), tensile tests and tensile creep tests (40-100 MPa, 125-150 • C). The as-extruded AZXSE91000 alloy exhibited good tensile strength both at room temperature and elevated temperature. The co-addition of Si, Ca and rare earth elements can improve the heat resistance of as-extruded AZ91 alloy resulting from fragmented heat-resistant particles hindering grain boundaries sliding. The steady creep rates of as-extruded AZXSE91000 alloy can be comparable with that of as-cast AZ91 alloy under similar experimental conditions. Dislocation climbing and grain boundary slip should dominantly contribute to the creep of as-extruded AZXSE91000 alloy. The asymmetric discontinuous precipitation in crept samples revealed that diffusion played an unneglected role during the creep process.
Introduction
Magnesium alloys are new light-weight metal structural materials [1] [2] [3] [4] . Mg-Al-Zn (AZ series) alloys are among the most popular magnesium alloys and widely used for commercial applications, owing to their low cost, excellent room temperature strength, good die castability and favorable corrosion resistance [5] . Although a majority of AZ series alloys are applied as die-cast parts [6] , the wrought AZ series alloys have attracted lots of researches [7] [8] [9] , due to high strength, high ductility and good formability of wrought Mg alloys [10, 11] . For example, recently, the researches on uniaxial compression deformation behavior [12] and reducing of edge cracks by multi-cross rolling of AZ31B alloy [13] were carried out. Zeng et al. obtained a high strength as-extruded AZ31 alloy via suppressing intergranular deformation [14] .
The Mg 17 Al 12 phase is the main eutectic compound in the AZ series alloys, whose softening results in poor mechanical properties of AZ series alloys above 120 • C [15] . Former research revealed that existence of the Mg 17 Al 12 phase promoted migration and sliding of grain boundaries during the creep test, leading to poor creep resistance of AZ series alloys, both distributing at grain boundaries and discontinuously precipitating in grains [16] . There are two methods to improve the creep resistance of AZ series alloys, i.e., restraining the formation of the Mg 17 Al 12 phase and introducing thermally stable secondary phases [5] . Co-addition of Si, Ca and rare earth elements into AZ series alloys can introduce heat-resistant secondary phases, such as Al 2 Ca, Al 2 RE, Al 11 RE 3 , CaMgSi and Mg 2 Si. Meanwhile, it can suppress the formation of Mg 17 Al 12 phase [15, [17] [18] [19] . Former work from the authors revealed that the coarse Mg 2 Si and CaMgSi could be fragmented into finer dispersed particles after hot extrusion in AZXSE91100 alloy (Mg-9Al-Zn-1Ca-0.5Si-0.1La-0.1Ce, wt.%), which can improve heat resistance of the as-extruded alloy [19] .
Lots of researches on creep characteristics of as-cast Mg-Al based alloys were carried out [5, 20, 21] , while few researches focused on wrought Mg-Al based alloys. According to former research [20] , dislocation climbing and grain boundary sliding were the dominant creep mechanisms for as-cast Mg-Al based alloys. The further addition of Si, rare earth elements or alkaline earth elements could enhance creep resistance of as-cast Mg-Al based alloys, which was attributed to heat-resistant intermetallic particles hindering grain boundaries sliding and dislocation slip, or to strengthening Mg matrix via solid solution and/or precipitation hardening [20] .
In this work, based on the as-extruded AZXSE91100 alloy, the contents of Si, Ca and rare earth element have been further adjusted slightly, in order to obtain optimal alloying composition. Four similar as-extruded alloys (Mg-9Al-Zn-0.5RE-Si, Mg-9Al-Zn-0.5RE-0.5Ca-Si, Mg-9Al-Zn-0.5RE-0.5Ca, Mg-9Al-Zn-0.5RE-0.5Ca-0.5Si, wt.%) have been designed and researched, among which the as-extruded Mg-9Al-Zn-0.5RE-0.5Ca-0.5Si (wt.%) alloy exhibited the best mechanical properties both at room and elevated temperature (only the analysis results of the fourth alloy will be presented in this paper). In fact, the coarse Mg 17 Al 12 phase in the as-cast Mg-Al based alloys can dissolve into the Mg matrix or be fragmented into small pieces after T4 treatment following hot extrusion, which may be good for the improvement of creep resistance owing to content decreasing and morphology changing of Mg 17 Al 12 phase. The coarse Mg 2 Si, CaMgSi, Al 2 RE and Al 11 RE 3 phase could be fragmented into finer dispersed particles after hot extrusion in Mg-9Al-Zn-0.5RE-0.5Ca-0.5Si (wt.%, named AZXSE91000) alloy, which may influence the creep characteristics of as-extruded AZXSE91000 alloy via hindering grain boundaries sliding and dislocation slip. Therefore, this work focuses on researching the tensile creep characteristics of as-extruded AZXSE91000 alloy, which may be of significance to extensive use of a low-cost wrought Mg-Al based alloy at elevated temperature.
Materials and Methods

Casting
The raw materials of the as-cast AZXSE91000 alloy were commercial pure magnesium, pure aluminum, pure zinc, Mg-20Si (wt.%), Mg-20Ca (wt.%) and Mg-20MM (wt.%, MM was the mixed rare earth element containing La and Ce) master alloys. At first, pure Mg was melt in an electric resistance furnace under protective atmosphere consisting of CO 2 and SF 6 . Then pure Al, pure Zn and the master alloys were added into the furnace with maintaining a furnace temperature at 760 • C for at least 30 min after all the ingots were melted. The molten metal was stirred for~3 min, and sat quietly for~30 min. At last, the molten metal was poured into a cylindrical steel mold (Φ 90 mm ×~500 mm) with a circulating water cooling system, before which the impurities were excluded from the molten metal. The chemical composition of as-cast AZXSE91000 alloy was analyzed by inductively coupled plasma (ICP), as shown in Table 1 . The powder sample for ICP was taken from different positions of as-cast ingots. 
Hot Extrusion
At first, the as-cast AZXSE91000 alloy was solution treated at 420 • C for 20 h (T4). Then the cylindrical ingot was machined into a cylinder with a diameter of 82 mm and length of 100 mm. The solution-treated AZXSE91000 alloy cylinder was be extruded as a bar with diameter of 15 mm at 360 • C with speed of~1.5 mm/s, before which the cylinder and extrusion die were heated to 360 • C for at least 90 min.
Tensile Creep Test
The tensile creep test of as-extruded AZXSE91000 alloy was carried out by the CRIMS RDL50 creep testing machine with a temperature of 125-150 • C and stress of 40-100 MPa for 50 h. The shape and size of the tensile creep rod-like sample is shown in Figure 1a , and the tensile direction of sample parallels to the extrusion direction of the bar. Figure 2 (a)-(c) shows the XRD patterns of the as-cast, solution-treated and as-extruded AZXSE91000 alloy respectively. It could be concluded that the as-cast, solution-treated and as-extruded AZXSE91000 alloy all contain the α-Mg matrix and intermetallic compounds, i.e., Mg17Al12, Al11RE3, Mg2Si and Al2RE. Comparing with the XRD patterns of AZXSE91100 alloy [19] , the minor peaks near 30° were more remarkable in Figure 2 (a)-(c). In fact, the TEM analysis of as-extruded AZXSE91100 alloy (as shown in Figure 8 of ref. 19 ) indicated existence of the Al2RE phase, while low relative content of this phase led to a weak display in the XRD patterns. The content of La/Ce in the AZXSE91000 alloy (0.51 wt.%) was higher than that in AZXSE91100 alloy The microstructures of the as-cast and as-extruded samples were analyzed by optical microscopy (OM; Olympus-GX71, Tokyo, Japan), SEM (Hitachi, S-4800 SEM, Tokyo, Japan) equipped with an energy dispersive spectrometer (EDS, Oxford, UK) and an EDAX/TSL electron back scattered diffraction (EBSD, EDAX, Inc., New York, NY, USA). The operating voltage and current for SEM and EDS were 10 kV/10 µA and 20 kV/15 µA respectively. The sample for EBSD was cut from the as-extruded bar with 8 mm × 5 mm × 4 mm whose observed surface (8 mm × 5 mm) was parallel to the extrusion direction and passed the axis of the as-extruded bar. The observed surface of the sample was machine polished with Metals 2019, 9, 954 4 of 14 0.05 µm Al 2 O 3 suspensions at first, then was electrochemically polished (commercial ACII electrolyte, 20 V/0.1 A at~−20 • C). The XRD tests were implemented by an 18 kW type X-ray diffractometer (Rigaku D/max 2500 PC X-ray Diffractometer, Tokyo, Japan) operated at 40 kV and 40 mA. The tensile experiments of as-extruded sample were implemented by a MTS810 material test machine (MTS, WA, USA) with a speed of 1 mm/min, at room temperature, 150 • C and 200 • C respectively. Tensile samples were flat tensile specimens with a gauge length of 20 mm and cross-section of 3 mm × 4 mm, and the tensile direction paralleled to the extrusion direction, as shown in Figure 1b . In order to ensure repeatability of the datum, five samples were tested for the same condition. The nano-scale analysis of tensile sample was examined by TEM (JEM-2100F, Tokyo, Japan) operating at 200 kV. The TEM sample was taken from the gauge length part of the tensile sample, with the foil surface paralleling to the tensile direction. The foil was polished to 20 µm thick, then was machined by an ion milling instrument (Ion milling system Leica EM RES101, Wetzlar, Germany).
Results
Microstructures
Results
Microstructures
Figure 2a-c shows the XRD patterns of the as-cast, solution-treated and as-extruded AZXSE91000 alloy respectively. It could be concluded that the as-cast, solution-treated and as-extruded AZXSE91000 alloy all contain the α-Mg matrix and intermetallic compounds, i.e., Mg 17 Al 12 , Al 11 RE 3 , Mg 2 Si and Al 2 RE. Comparing with the XRD patterns of AZXSE91100 alloy [19] , the minor peaks near 30 • were more remarkable in Figure 2a -c. In fact, the TEM analysis of as-extruded AZXSE91100 alloy (as shown in Figure 8 of ref. 19 ) indicated existence of the Al 2 RE phase, while low relative content of this phase led to a weak display in the XRD patterns. The content of La/Ce in the AZXSE91000 alloy (0.51 wt.%) was higher than that in AZXSE91100 alloy (0.24 wt.%), therefore the content of Al 2 RE phase was higher. Figure 2 (a)-(c) shows the XRD patterns of the as-cast, solution-treated and as-extruded AZXSE91000 alloy respectively. It could be concluded that the as-cast, solution-treated and as-extruded AZXSE91000 alloy all contain the α-Mg matrix and intermetallic compounds, i.e., Mg17Al12, Al11RE3, Mg2Si and Al2RE. Comparing with the XRD patterns of AZXSE91100 alloy [19] , the minor peaks near 30° were more remarkable in Figure 2 (a)-(c). In fact, the TEM analysis of as-extruded AZXSE91100 alloy (as shown in Figure 8 of ref. 19 ) indicated existence of the Al2RE phase, while low relative content of this phase led to a weak display in the XRD patterns. The content of La/Ce in the AZXSE91000 alloy (0.51 wt.%) was higher than that in AZXSE91100 alloy (0.24 wt.%), therefore the content of Al2RE phase was higher. Figure 4a shows the EBSD IPF (inverse pole figure) map and pole figures of the as-extruded AZXSE91000 alloy, which indicates that strong basal texture existed in the as-extruded alloy. Figure 4b shows the recrystallized grains distribution map and the histogram of recrystallization statistics of the as-extruded alloy. It could be concluded that~81.6% of the area in the as-extruded alloy was the DRXed region, and only~2.6% of the area was the deformed region. Figure 4c shows the histogram of misorientation angle distribution. A significant number of substructured grains existed in the as-extruded alloy consistent with the result in Figure 4c , in which a remarkable fraction of low angle grain boundary (LAGBs, ≤15 • ) reached~30%. Figure 5 shows the tensile engineering stress-strain curves of the as-extruded AZXSE91000 alloy at room temperature, 150 °C and 200 °C. The strength of the alloy decreased with temperature increasing, while the elongation increased. A comparative exhibition about the tensile properties of the as-extruded AZXSE91000 alloy and AZXSE91100 alloy has been presented in Table. 2. It could be concluded that the yield strength (YS) and ultimate tensile strength (UTS) of the as-extruded AZXSE91000 alloy were higher than those of the as-extruded AZXSE91100 alloy at room temperature, while the situation of elongation was opposite. The grain size and texture should be the main factors to influence the strength of fine-grain as-extruded alloys, which have similar chemical compositions. According to the results of the grain statistics, the two as-extruded alloys had approximately equal grain sizes, therefore, the stronger basal texture might contribute to the improvement of yield strength of the as-extruded AZXSE91000 alloy at room temperature. Besides, the type and intensity of the texture can affect the Hall-Petch relationship, which also can influence the strength of the wrought Mg alloy [22] [23] [24] . Figure 5 shows the tensile engineering stress-strain curves of the as-extruded AZXSE91000 alloy at room temperature, 150 • C and 200 • C. The strength of the alloy decreased with temperature increasing, while the elongation increased. A comparative exhibition about the tensile properties of the as-extruded AZXSE91000 alloy and AZXSE91100 alloy has been presented in Table 2 . It could be concluded that the yield strength (YS) and ultimate tensile strength (UTS) of the as-extruded AZXSE91000 alloy were higher than those of the as-extruded AZXSE91100 alloy at room temperature, while the situation of elongation was opposite. The grain size and texture should be the main factors to influence the strength of fine-grain as-extruded alloys, which have similar chemical compositions. According to the results of the grain statistics, the two as-extruded alloys had approximately equal grain sizes, therefore, the stronger basal texture might contribute to the improvement of yield strength of the as-extruded AZXSE91000 alloy at room temperature. Besides, the type and intensity of the texture can affect the Hall-Petch relationship, which also can influence the strength of the wrought Mg alloy [22] [23] [24] . Figure 6a shows a bright field TEM micrograph of the tensile sample of the as-extruded AZXSE91000 alloy at 200 • C. Several DRXed (dynamic recrystallization) grains could be observed, and their diameters ranged from 500 nm to 1 µm. Figure 6b shows the HRTEM (high resolution transmission electron microscopy) micrograph corresponding to the yellow rectangle zone in Figure 6a . A high angle DRXed grain boundary could be observed in Figure 6b . The left insets in Figure 6b main factors to influence the strength of fine-grain as-extruded alloys, which have similar chemical compositions. According to the results of the grain statistics, the two as-extruded alloys had approximately equal grain sizes, therefore, the stronger basal texture might contribute to the improvement of yield strength of the as-extruded AZXSE91000 alloy at room temperature. Besides, the type and intensity of the texture can affect the Hall-Petch relationship, which also can influence the strength of the wrought Mg alloy [22] [23] [24] . 27.5% Figure 6a shows a bright field TEM micrograph of the tensile sample of the as-extruded AZXSE91000 alloy at 200 °C. Several DRXed (dynamic recrystallization) grains could be observed， and their diameters ranged from 500 nm to 1 μm. Figure 6b shows the HRTEM (high resolution transmission electron microscopy) micrograph corresponding to the yellow rectangle zone in Figure  6a . A high angle DRXed grain boundary could be observed in Figure 6b . The left insets in Figure 6b were enlarged in the HRTEM image and FFT (fast Fourier transform) pattern of grain A, which reveals the electron beam parallels Lots of nano-scale particles can be observed in Figure 6c , which is the enlarged dark field TEM micrograph corresponding to the red rectangle zone in Figure 6a . Further analysis via HRTEM is presented in Figure 6d . The FFT patterns of the Mg matrix and particle indicate the nano-scale particle had the same crystal structure with the Mg matrix, therefore, the nano-scale particles might Lots of nano-scale particles can be observed in Figure 6c , which is the enlarged dark field TEM micrograph corresponding to the red rectangle zone in Figure 6a . Further analysis via HRTEM is presented in Figure 6d . The FFT patterns of the Mg matrix and particle indicate the nano-scale particle had the same crystal structure with the Mg matrix, therefore, the nano-scale particles might be Guinier Preston (G.P.) zone forming in the process of hot extrusion or the tensile test at an elevated temperature. Figure 7a ,c, with the creep stress increasing, the strain of tensile creep sample increased obviously within 50 h, especially when the stress increased from 80 to 100 MPa. It could be seen from the creep rate-time curves in Figure 7b ,d that the steady state creep rate of the sample increased with stress increasing. The creep experimental results of the as-extruded AZXSE91000 alloy at 125-150 • C and under a stress of 40-100 MPa have been presented in Table 3 . It could be concluded that the creep strain and steady state creep rate increased obviously with temperature increasing when the stress maintained constant. As-cast AZ91 [25] 150 • C/50 MPa --5.0 × 10 −08
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Tensile Creep Characteristics
As is well known that creep deformation consists of three stages, i.e., primary creep, steady state creep and tertiary creep. While steady state creep is the most important process drawing more attention. In a general way, two variables can roughly estimate the dominant creep mechanism, i.e., creep stress exponent n and activation energy Q c [11] . In the steady state creep stage, the relationship between the creep rate and stress and temperature can be described by the following relationship [26] [27] [28] ,
where . ε presents the steady-state creep rate, A is a material-dependent constant, σ is the applied stress, n is the creep stress exponent, Q c is the creep activation energy, R is the gas constant and T is the creep temperature. Take the logarithm on both sides of Formula (1), the following equation can be obtained,
In Equation (2), for a specific material, when the temperature is constant, ln A − Q c RT is also constant, so the experimentally measured substituting into the formula. The value of n can be obtained by drawing the ln . ε − ln σ line and taking the slope value (as shown in Figure 8a ). The value of Q c can be obtained by drawing the ln . ε − 1/T line and taking the slope value (as shown in Figure 8b ). As is well known that creep deformation consists of three stages, i.e., primary creep, steady state creep and tertiary creep. While steady state creep is the most important process drawing more attention. In a general way, two variables can roughly estimate the dominant creep mechanism, i.e., creep stress exponent n and activation energy c Q [11] . In the steady state creep stage, the relationship between the creep rate and stress and temperature can be described by the following relationship [26] [27] [28] ,
where ε  presents the steady-state creep rate, A is a material-dependent constant, σ is the applied stress, n is the creep stress exponent, c Q is the creep activation energy, R is the gas constant and T is the creep temperature. Take the logarithm on both sides of formula (1), the following equation can be obtained,
In Equation (2), for a specific material, when the temperature is constant, ln R − c Q A T is also constant, so the experimentally measured substituting into the formula. The value of n can be obtained by drawing the ln ln ε − σ  line and taking the slope value (as shown in Figure 8a ). The value of c Q can be obtained by drawing the lnε 1/ −  T line and taking the slope value (as shown in Figure 8b ). It could be seen that creep stress exponent n increased slightly with creep test temperature increasing. In general, when creep stress exponent n = 1, the creep behavior of the Mg alloy is considered to be mainly affected by diffusion, which generally occurs under conditions of higher temperature and lower stress, including Coble creep (grain boundary diffusion) and N-H creep;
when the creep stress exponent n = 2-3, the corresponding main creep mechanism is the grain boundary slip and when the creep stress exponent n = 3-7, the corresponding main creep mechanism is the dislocation creep, which generally occurs under low temperature and high stress It could be seen that creep stress exponent n increased slightly with creep test temperature increasing. In general, when creep stress exponent n = 1, the creep behavior of the Mg alloy is considered to be mainly affected by diffusion, which generally occurs under conditions of higher temperature and lower stress, including Coble creep (grain boundary diffusion) and N-H creep; when the creep stress exponent n = 2-3, the corresponding main creep mechanism is the grain boundary slip and when the creep stress exponent n = 3-7, the corresponding main creep mechanism is the dislocation creep, which generally occurs under low temperature and high stress conditions [20, [29] [30] [31] . In this paper, the creep stress exponent n was 3.0 and 3.3 at a temperature of 125 • C and 150 • C respectively, under a stress of 40-100 MPa. Although the values of the creep stress exponent n were between 3-7, the values of n also were close to 2-3. Therefore, the grain boundary slip and dislocation motion might be the main creep mechanisms under this condition for the as-extruded AZXSE91000 alloy.
Creep activation energy Q c is another important indicator to reveal the creep mechanism. Figure 8b shows the creep activation energy of the as-extruded AZXSE91000 alloy at 125-150 • C, under a stress of 40, 60, 80 and 100 MPa. The creep activation energy ranged from 150 to 190 kJ/mol within the stress range of 40-100 MPa.
The activation energy of grain boundary diffusion of magnesium alloy is about 92 kJ/mol [29, 30, 32] , the activation energy of self-diffusion is about 135 kJ/mol [29, 30, 32] and the activation energy of dislocation climbing is about 126 kJ/mol. The activation energy of the as-extruded AZXSE91000 alloy at 125-150 • C, 40-100 MPa was significantly higher than the above values, indicating that grain boundary slip, dislocation climbing and lattice self-diffusion occurred in the process of the alloy under this condition.
Based on the above discussion and the values of the creep activation energy Q c and creep stress exponent n of the as-extruded AZXSE91000 alloy, value of n was about 3 in the range of 125-150 • C, 40-100 MPa, and it is believed that the creep mechanism of the alloy under this condition is dominated by the dislocation motion and grain boundary slip. Although the creep activation energy of the alloy was higher than the dislocation cross-slip activation energy (100 kJ/mol), the creep test temperature was relatively low, and the non-basal slip starting temperature of the magnesium alloy were generally around 225 • C. It could be concluded that cross-slip might contribute to creep deformation of the as-extruded AZXSE91000 alloy under the condition of 125-150 • C, 40-100 MPa, but it was not the main mechanism of the dislocation creep.
Discussion
The last column in Table 3 shows a steady creep rate of the as-cast AZ91 alloy at 150 • C and 50 MPa was 5.0 × 10 −8 s −1 [25] . Comparing with the as-cast AZ91 alloy, the steady creep rates of the as-extruded AZXSE91000 alloy were comparable with that of the as-cast AZ91 alloy under similar experimental condition, whose values were 2.6 × 10 −8 s −1 and 9.3 × 10 −8 s −1 at 150 • C/40 MPa and 150 • C/60 MPa respectively. In other words, the creep resistance of the as-extruded AZXSE91000 alloy was comparable with that of the as-cast AZ91 alloy at 150 • C/40-60 MPa. Generally, the grain size of the as-cast AZ91 alloy sharply decreased after hot extrusion with a high extruded ratio of about 30:1, following heat resistance or creep resistance deteriorating owing to grain boundary increasing. The good creep resisrance of the as-extruded AZXSE91000 alloy should be attributed to co-addition of Si, Ca and RE. The fragmented heat-resistant intermetallics, such as Mg 2 Si, Al 2 RE, Al 11 RE 3 and CaMgSi, distributed at grain boundaries, which could hinder the grain boundary slip. Figure 9 shows typical SEM microstructures of crept samples at temperature of 125-150 • C, under a stress of 40-100 MPa. Obvious elongation of grains along the tensile creep direction can be observed in Figure 9 , which indicates the grain boundary slip occurred during the creep test process. Besides, more and more discontinuous precipitates could be observed with temperature and stress increasing, which originated from the grain boundaries then spread to the grain interior. Differing from lots of PFZs (precipitation free zones) distributing at the grain boundary observed in crept Mg-RE samples [33, 34] , the PFZs of the crept as-extruded AZXSE91000 alloy were in the grain interior. As is well known that precipitation can be induced by heat treatment, i.e., isothermal aging. While the exerted stress can observably affect the precipitation behavior [33, 35] . According to Nabbaro-Herring diffusion theory, the exerted stress can influence the vacancy diffusion behaviour around grain boundaries, the vacancy tend to concentrate in the grain boundary in tension [35] . The concentration gradient can drive a flow of vacancies from the boundary in compression to the boundary in tension, corresponding to a flow of atoms in the opposite form [33] , as shown in Figure 10 . Comparing with former research from Wang et. al. [33] , the diffusion coefficient of the solute atom Al was much higher than Gd and Y, thus the Al atoms migrated to the grain boundary in compression substituting for Mg atoms. This would result in a solute concentration zone near the grain boundary in compression. Therefore, the discontinuous precipitation near the grain boundary in compression takes precedence over the other locations.
the magnesium alloy were generally around 225 °C. It could be concluded that cross-slip might contribute to creep deformation of the as-extruded AZXSE91000 alloy under the condition of 125-150 °C, 40-100 MPa, but it was not the main mechanism of the dislocation creep.
The last column in Table 3 shows a steady creep rate of the as-cast AZ91 alloy at 150 °C and 50 MPa was 5.0 × 10 −8 s −1 [25] . Comparing with the as-cast AZ91 alloy, the steady creep rates of the as-extruded AZXSE91000 alloy were comparable with that of the as-cast AZ91 alloy under similar experimental condition, whose values were 2.6 × 10 −8 s −1 and 9.3 × 10 −8 s −1 at 150 °C/40 MPa and 150 °C/60 MPa respectively. In other words, the creep resistance of the as-extruded AZXSE91000 alloy was comparable with that of the as-cast AZ91 alloy at 150 °C/40-60 MPa. Generally, the grain size of the as-cast AZ91 alloy sharply decreased after hot extrusion with a high extruded ratio of about 30:1, following heat resistance or creep resistance deteriorating owing to grain boundary increasing. The good creep resisrance of the as-extruded AZXSE91000 alloy should be attributed to co-addition of Si, Ca and RE. The fragmented heat-resistant intermetallics, such as Mg2Si, Al2RE, Al11RE3 and CaMgSi, distributed at grain boundaries, which could hinder the grain boundary slip. Figure 9 , which indicates the grain boundary slip occurred during the creep test process. Besides, more and more discontinuous precipitates could be observed with temperature and stress increasing, which originated from the grain boundaries then spread to the grain interior. Differing from lots of PFZs (precipitation free zones) distributing at the grain boundary observed in crept Mg-RE samples [33, 34] , the PFZs of the crept as-extruded AZXSE91000 alloy were in the grain interior. As is well known that precipitation can be induced by heat treatment, i.e., isothermal aging. While the exerted stress can observably affect the precipitation behavior [33, 35] . According to Nabbaro-Herring diffusion theory, the exerted stress can influence the vacancy diffusion behaviour around grain boundaries, the vacancy tend to concentrate in the grain boundary in tension [35] . The concentration gradient can drive a flow of vacancies from the boundary in compression to the boundary in tension, corresponding to a flow of atoms in the opposite form [33] , as shown in Figure  10 . Comparing with former research from Wang et. al. [33] , the diffusion coefficient of the solute atom Al was much higher than Gd and Y, thus the Al atoms migrated to the grain boundary in compression substituting for Mg atoms. This would result in a solute concentration zone near the grain boundary in compression. Therefore, the discontinuous precipitation near the grain boundary in compression takes precedence over the other locations. A detailed observation from the 125 • C/100 MPa crept sample about discontinuous precipitation ( Figure 11 ) confirmed the above conjecture. As shown in Figure 11 , the blue arrows indicate grain boundaries in compression and the red ones indicate grain boundaries in tension. It could be obviously observed that there were discontinuous precipitates at the position indicated by the blue arrows, while there were not at the position indicated by the red arrows. The asymmetric discontinuous precipitation in crept samples revealed that diffusion plays an unneglected role during the creep process. However, considering the values of the creep activation energy Q c and creep stress exponent n, diffusion was not the dominated mechanism of the creep. 
Conclusions
1.
The yield strength (YS), ultimate tensile strength (UTS) and elongation (EL) of the as-extruded AZXSE91000 alloy were 351 MPa, 383 MPa and 7.4% at room temperature, respectively. Those were 184 MPa, 225 MPa and 31.8% at 150 • C.
2.
The steady creep rates of the as-extruded AZXSE91000 alloy could be comparable with that of the as-cast AZ91 alloy under similar experimental condition, whose values were 2.6 × 10 − 8 s −1 and 9.3 × 10 −8 s −1 at 150 • C/40 MPa and 150 • C/60 MPa respectively.
3.
The creep stress exponent n of the as-extruded AZXSE91000 alloy was 3.0 and 3.3 at a temperature of 125 • C and 150 • C respectively, under a stress of 40-100 MPa. The creep activation energy ranged from 150 to 190 kJ/mol within the stress range of 40-100 MPa.
4.
Dislocation climbing and grain boundary slip should dominantly contribute to the creep of the as-extruded AZXSE91000 alloy. The asymmetric discontinuous precipitation in crept samples revealed that diffusion played an unneglected role during the creep process. 
